Biopsy specimens of skeletal muscle and peripheral nerve from two dogs with primary hypothyroidism but without clinical neuromuscular disease were studied with histological, histochemical and morphometric techniques. The most prominent change in skeletal muscle was variation in fiber size associated with a pronounced reduction in mean diameter of type II fibers. Type II fiber loss was apparent in the specimen from one dog. No histological or morphometric differences were noted in nerves from either dog compared with an agematched control. The myopathic findings suggest a preferential metabolic defect in type II muscle fibers.
Hypothyroidism is a generalized metabolic disorder resulting from a deficiency of the thyroid hormones thyroxine and triiodothyronine. Although clinical and biochemical features of hypothyroidism have been documented in the dog [2, 9] , neuromuscular disorders associated with it have not been described. As part of a clinical, biochemical and anatomic screening study of canine endocrinopathies, two dogs with primary hypothyroidism were examined for possible neuromuscular lesions.
Materials and Methods
Two mature dogs admitted to Auburn University Small Animal Clinic had histories of chronic, bilaterally symmetrical hair loss over the flanks, and obesity. Physical and neurological examinations [31] were done on each dog. Laboratory procedures included hematologic studies, blood chemistry profiles, urinalysis, plasma triiodothyronine and thyroxine concentrations determined by radioimmunoassay [19] before and 12 hours after intramuscular administration of 5 units of thyroid-stimulating hormone, and electrodiagnostic testing (nerve conduction studies, electromyography).
Plasma cortisol levels were determined before and two hours after intramuscular administration of adrenocorticotrophic hormone (0.45 unit per kg). Cortisol was quantitated by a highly specific and sensitive radioimmunoassay, the Gamma Coat 12 ril solid phase procedure (Clinical Assays, Division of Travelol Labs, Inc., Cambridge, Mass.). The unknown samples and the standards were incubated with 12 ri1 cortisol tracer in antibody-coated tubes in which the antibody is immobilized onto the lower inner wall of the Gamma Coat tube. After incubation, the contents of the tube were aspirated and the radioactivity counted in a gamma 589 counter. A standard curve was constructed from five cortisol standards prepared in serum obtained from adrenalectomized and orchiectomized dogs with values ranging from 0.5 to 60 µg per di serum. Values of unknowns were obtained from the standard curve by interpolation with a computer program based on a Iog-Iogit transformation of the data. The inter-assay and intra-assay coefficients of variation were I 1.6% and 9.8%, respectively. Skeletal muscle specimens from both dogs were taken from the distal biceps femoris without clamping, and fascicular specimens of common peroneal nerve were taken at the level of the stifle joint [7] . Muscle samples were frozen in isopentane, pre-cooled in liquid nitrogen [ 11 ] . Serial transverse sections were cut at 8 µm and stained with hematoxylin and eosin (HE), modified Gomori's trichrome [16) , reduced nicotinamide adeninedinucleotide-tetrazolium reductase, routine myosin adenosine triphosphatase (pH = 10.0), modified myosin adenosine triphosphatase (pH = 4.3) [ 11 ) , and periodic acid-Schiff (PAS). Muscle fibers were separated histochemically into types I and II using myosin adenosine triphosphatase as described [5) .
Fascicular nerve samples were stretched and fixed in 10% neutral buffered formalin, then divided into halves and processed for epon embedding and individual nerve fiber teasing [13) . Semithin sections (I to 2 µm thick) of nerve samples were· cut in the transverse plane and stained with paraphenylene diamine [ 17) .
Thyroid and skin biopsies were done on both dogs. The tissues were fixed in 10% neutral buffered formalin and processed for paraffin embedding. Sections were cut at 6 µm and stained with HE.
For quantitative studies, images of muscle and nerve transverse sections were projected from a microscope onto the plate of a digital sensor system (Ladd Graphic Data Analyzing System, Ladd Research Industries, Burlington, Vt.) interfaced with a programmable calculator. The sensor plate surface was calibrated with the stage surface of the microscope by use of a slide micrometer (Graticules Ltd., Tonbridge, Kent, England). Final magnifications used with this system were: muscle, 650X; teased fibers: internode length, 144X; fiber diameter, 862X; myelinated nerve fiber diameter in semithin sections, 2173x. From a random field count of over 400 for each fiber type per muscle sample, and of over 600 for each nerve sample, mean lesser fiber diameters and standard deviations were compiled for each dog. Type I and type II fiber percentages and central nucleus counts were determined from a fiber count of approximately 1000 fibers per muscle section. The relationship between mean maximum nerve fiber diameter and internode length [18, 23) was determined from about 30 to 50 individually teased fibers per sample of common peroneal nerves.
Quantitative values were compared with those of biceps femoris muscle and common peroneal nerve of a healthy control dog of similar age (a IO-year-old female cocker spaniel).
Results

Clinical findings
Both dogs were 9-year-old females that had bilaterally symmetrical hair loss over the flanks, and had been obese for several months. There was no clinical evidence of neuromuscular disorder in either dog, and motor nerve conduction velocities and electromyographic studies were normal. Both dogs had low resting plasma triiodothyronine and thyroxine concentrations that responded minimally to thyroid stimulating hormone (table I) . Plasma creatine phosphokinase and plasma cortisol concentrations, before and after adrenocorticotrophic hormone stimulation, were normal. 3 Thyroid hormonal and cortisol levels (mean ± S.E.) were determined from a mixed population of mature dogs (IO and 44, respectively).
Morphological findings
In both dogs, follicular degeneration and infiltration by plasma cells and lymphocytes were seen in the thyroid. Epidermal atrophy, hyperkeratosis, dilated hair follicles and atrophy of sebaceous glands were seen in skin biopsy specimens.
Histologic changes in the biceps femoris muscle were similar in the two dogs. The most prominent change was variation in fiber size, associated with atrophic and some hypertrophic fibers ( fig. 1 ). The atrophic fibers were oval or angular and were distributed throughout all fascicles. There was no cellular response or myodegeneration in either dog. Focal myofiber basophilia was seen in dog 2. Intramuscular nerves were normal in both dogs.
There was no evidence of myelinated nerve fiber depletion in semithin sections. Teased nerve fibers in dog 1 were normal. An occasional teased fiber in dog 2 had one or more short intercalated internodes in which the myelin thickness was less than 50% of that in adjacent internodes. Teased fibers from the control dog had a similar incidence of intercalated internodes. Several teased fibers from both hypothyroid and control dogs had short internodes but their myelin was of normal thickness.
Histochemical findings
Based on myosin adenosine triphosphatase stammg, the atrophic fibers were predominantly type II and the hypertrophic fibers were type I ( fig. 2) . In contrast to a normal mosaic distribution of type I and type II fibers in sections from dog 1, there was an apparent loss of type II fibers in sections from dog 2 ( fig. 3 ). Both fiber types stained normally with nicotinamide adeninedinucleotide-tetrazolium reductase and PAS. 
Morphometric findings
The histographic distribution of mean diameters of type I and type II fibers in muscle from hypothyroid and control dogs is shown in fig. 4 . The mean diameters of type I fibers for dogs l and 2 were 32.94 µm ± l l.36 and 42.0l µm ± 12.64, respectively, and 38.41 µm ± 7.26 for the control. Similarly, the mean diameters of type II fibers were 14.38 µm ± 3.87 and 25.48 µm ± 9.74, respectively. These values were considerably smaller than that of the control (38.47 µm ± 7.55). Type II fibers oredominated numerically in muscle from the control dog (70%) and dog I (68%), but type I fibers were dominant in dog 2 (66%). Central nucleus counts were less than I% in muscle from hypothyroid and control dogs.
The mean diameters of myelinated nerve fibers for dogs 1 and 2 were 4.99 µm ± 2.36 and 7.47 µm ± 3.13, respectively, and 5.37 µm ± 2.00 for the control. The relationship between internode length and fiber diameter of individually teased fibers from dog 2 and from the control dog is shown in the single-fiber graphs (fig. 5 ). The lepgths of the internodes on each fiber were plotted against the diameter of the widest internode and the points were joined by a vertical line. The number of fibers with abnormally short internodes and internodes of normal length was similar in nerves from the two dogs (dog 2 and control).
Discussion
The diagnosis of primary hypothyroidism in our dogs was based on characteristic responses following hormonal evaluation and on histological findings in biopsy specimens of thyroid and skin [2, 9) . The non-specific clinical signs were consistent with previous observations [2, 9) in dogs with hypothyroidism.
No detailed histological, histochemical and morphometric data on skeletal muscle and peripheral nerve from hypothyroid dogs have been reported. The variation in myofiber size associated with type II fiber atrophy and apparent type II fiber loss (in dog 2), in the absence of degenerative or architectural changes in muscle from our dogs, resembles the myopathic changes recently described in people with hypothyroidism [27, 28, 33] . An increase in numbers of central nuclei as reported in these people [28] was not found in the dogs.
The muscle changes in our dogs were considered to be primarily myopathic rather than neurogenic, based on normal electrodiagnostic data, absence of fiber type grouping [l l] in muscle from dogs with a history of chronic disease, and normal nerve histological and morphometric findings as compared with those of the control dog. Furthermore, the twin-peaked distribution curve of diameters of muscle fibers, present in neurogenic atr.Jphy [l l], was not seen here. The occasional finding of intercalated internodes and short internodes with myelin of normal thickness in teased fiber preparations of nerves from hypothyroid and control dogs probably is age-related because these structures, which are believed to indicate sites of previous segmental demyelination or degeneration, or both, have been described in nerves from healthy cats [25) , dogs [21 ] , and people [ l ).
In people with hypothyroidism, myopathic changes are generally accepted as being primary in origin, although the occurrence of a peripheral neuropathy is a relatively uncommon but well-recognized manifestation of hypothyroidism [32] ; a usually bilateral mononeuropathy may develop as a result of median nerve compression in the carpal tunnel [29] . A diffuse peripheral polyneuropathy has been reported in hypothyroid people [14) , with evidence of segmental demyelination and remyelination. The occurrence of a peripheral polyneuropathy in dogs with hypothyroidism is suggested by recent findings of slow nerve conduction velocities, electromyographic recordings of fibrillation potentials and positive sharp waves, and decreased tendon reflexes in several dogs [W.R. Fenner, T.A. Holliday, personal communication, 1980). One had a selective type II fiber atrophy [ 10).
Type II fiber atrophy in skeletal muscle from man and dog has been seen in association with neoplastic disease, central nervous system disorders, Cushing's syndrome, steroid myopathy, disuse, and denervation [3, 6, 8, 10, 11, 15, 30] . Atrophy of both fiber types has been reported in muscle from dogs with hyperadrenocorticism [4] . Absence of these disorders in our dogs suggests a metabolic myopathy associated with hypothyroidism. In people with hypothyroid myopathy, a disturbance of carbohydrate metabolism has been proposed to explain the preferential type II fiber atrophy [27, 28] because of the greater dependence of type II fibers on glycogenolysis and glycolysis for their energy supplies [12] . Results of recent studies indicate that glycogen breakdown is impaired in hypothyroid people [26] . There is evidence that low plasma thyroid hormone concentrations reduce adenyl cyclase activity [24] . Theoretically, this would decrease the amount of cyclic adenosine 3',5'-monophosphate formed and lead to reduced phosphorylase activation and subsequent glycogen breakdown [20] . In a clinical investigation of hypothyroid people [22] , skeletal muscle concentrations of cyclic adenosine 3',5'-monophosphate were not significantly different from those of controls, although plasma concentrations of the nucleotide were decreased. Electron microscopic examination of muscle sections for abnormal accumulation of glycogen in type II fibers was not done in our study.
Further studies are needed to determine the prevalence of this subclinical myopathy in hypothyroid dogs. It is possible that clinical evidence of neuromuscular involvement is time-dependent or related to the degree of thyroid dysfunction, or both. Morphometric values such as type II fiber diameter and percentages of fiber types in sequential biopsy specimens of muscle may reflect the duration of the disease and may be useful in evaluating response to thyroid hormone replacement, as has been reported in man [28] .
Addendum: During galley proof preparation, findings identical to those described here were present in biopsy specimens of biceps femoris muscle from two additional dogs with primary hypothyroidism. Dog 3 was a 4%-year-old female cocker spaniel, and dog 4 was a 4-year-old female pointer. The mean diameters of type I fibers were 38.50 ± 12.64 and 53.15 ± 10.29, respectively. The mean diameters of type II fibers were 24.21 ± 7.19 and 22.45 ± 7.40, respectively. In muscle specimens from both dogs, central nucleus counts were less than l % and type I fibers predominated numerically (68% and 77%, respectively), similar to those in dog 2.
